INTRODUCTION
Soft tunic syndrome, an infectious disease of the edible ascidian Halocynthia roretzi (Drasche), causes mass mortality in aquaculture in Korea and Japan (e.g. Jung et al. 2001 ). In the diseased ascidians, the tunics become abnormally thin and soft; the ascidian then dies when the tunic tears. Several attempts have been made to identify the causative agent, and the pathogenic organism of the disease has recently been identified (Jung et al. 2001 , Choi et al. 2006 , Azumi et al. 2007a ,b, Hirose et al. 2009 , Kitamura et al. 2010 . Kumagai et al. (2010) induced experimental infections by incubating healthy individuals with pieces of softened tunics and found flagellates in the softened tunic. The flagellates were found to fulfill Koch's postulates as the etiological agent of soft tunic syndrome (Kumagai et al. 2011) .
These pathogenic flagellates are kinetoplastides that have 2 flagella and multiple kinetoplasts in the cytoplasm. At the electron microscope level, the flagellate is characterized by unique globular bodies composed of a homologous granular matrix containing electron-dense bands. Flagellate cells with the same morphology were also found in the softened tunic (Kumagai et al. 2011 ). We established a stable pure culture of these kinetoplastids, and their fine structure and molecular phylogeny inferred from 18S rRNA gene sequences indicated their novel nature. Here, we propose a new genus in the order Neobodonida and describe the present kinetoplastid as a new species, Azumiobodo hoyamushi sp. nov., as the type species for the genus.
MATERIALS AND METHODS

Flagellate isolate
The flagellate was isolated from a diseased ascidian reared in the vicinity of Samenoura, Miyagi Prefecture, Japan (Kumagai et al. 2011) . Cloning of the isolate was performed using the methods of Jung et al. (2005) . The isolate was cloned at least 5 times by the limiting dilution method in maintenance medium (10% [w/v] .
Microscopy
The kinetoplastid cells were fixed with 0.3% formalin solution made in phosphate-buffered saline before measuring the lengths of the flagella and cell body. The freshly fixed cells were observed under a light microscope and photographed with a digital camera. Twenty cells were selected to provide a sufficient number of cells for measurement after abnormally shaped specimens had been eliminated. Cell lengths were measured with imaging software (DP2-BSW, Olympus).
For closer morphological observation, the kinetoplastid cells in culture were briefly rinsed with MEM without FBS, concentrated by centrifugation (2000 × g, 10 min) and fixed with 2.5% glutaraldehyde in 0.45 M sucrose solution buffered with 0.1 M sodium cacodylate (pH 7.4). After a brief rinse with 0.45 M sucrose in 0.1 M sodium cacodylate buffer, the precipitate was post-fixed with 1% osmium tetroxide made in 0.1 M cacodylate buffer for 2 h on ice and dehydrated through a graded ethanol series. The precipitate was cut into pieces with a razor blade and processed for light microscopy (LM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
For LM, a piece of precipitate was mounted on a microscope slide with CMCP-10 High Viscosity Mountant (Polysciences) and gently squashed with a coverslip. The preparation was observed under a light microscope equipped with differential interference contrast (DIC) optics. Several DIC photomicrographs were combined to increase the depth of field by using the image post-processing software Helicon Focus Pro 4.2.7 (Helicon Soft).
For SEM, some parts of the precipitate were immersed in t-butanol and freeze-dried. The dried specimens were sputter-coated with gold-palladium and examined with a JEOL JSM-6060LV scanning electron microscope at 15 kV.
For TEM, pieces of precipitates were cleared with n-butyl glycidyl ether, embedded in epoxy resin and then sectioned at 70 to 100 nm thickness. Sections were stained with lead citrate and uranyl acetate and examined with a JEOL JEM-1011 transmission electron microscope at 80 kV.
DNA extraction and PCR amplification
Cultured flagellates (~10 5 cells ml −1
) were harvested by centrifugation at 500 × g for 5 min, washed with MEM without FBS and suspended in 100 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The flagellates were completely lysed with a lysis buffer (0.2 M NaOH and 1% sodium dodecyl sulphate [SDS]) at 55°C for 10 min. Total nucleic acids were extracted by the phenol-chloroform extraction method. Forward (5'-ACC TGG TTG ATC CTG CAG T-3') and reverse universal primers (5'-TGA TCC TTC TGC AGG TTC ACC TAC-3') designed by Sogin (1990) were used to amplify the 18S rRNA gene. The PCR reaction was carried out for 40 cycles in a thermal cycler at 93.5°C for 30 s, 50°C for 30 s and 72°C for 2 min. The purity and size of the amplified products were analyzed by electrophoresis on 2% agarose gels. The gels were stained with ethidium bromide and visualized under UV light.
The amplified PCR products were purified using the MinElute PCR Purification Kit (Qiagen). The purified PCR products were cloned using the pGEM-T easy vector system (Promega) following the standard protocols according to the manufacturer's instructions, and Escherichia coli JM109 (TaKaRa) was transformed with the plasmid. Cloned plasmid was purified with a PureLink Quick Plasmid Miniprep Kit (Invitrogen) for sequencing. Sequencing was performed with a BigDye Terminator Cycle Sequencing FS Ready Reaction Kit (Applied Biosys-tems) and the universal primer set of M13 forward and M13 reverse. To obtain the full sequence, sequencing with an internal primer (5'-CGT TTG GAA GTT GCA ATG GG -3') was performed.
Phylogenic analysis
Nucleotide sequences were assembled using the program Genetyx-Win (v. 5.1), and the DNA sequences were aligned using the program CLUSTALX (Thompson et al. 1997) to search for an optimal phylogenetic tree with neighbor-joining criteria. The final phylogenetic tree was drawn with the MEGA 3.0 program (Kumar et al. 1994) . For comparison, 18S rRNA gene nucleotide sequences of 49 isolates of Kinetoplastea from the DNA Data Bank of Japan (DDBJ), GenBank and the European Molecular Biology Laboratory (EMBL) database were used in this study.
RESULTS
Description
Azumiobodo gen. nov.
Diagnosis:
Solitary flagellate with several kinetoplasts and globular bodies composed of a homologous granular matrix containing electron-dense bands. Basal part of anterior flagellum attached along side rostrum-bearing cytosome. Posterior flagellum often attached to body but not always. Two flagella originate at an acute angle to each other.
Type species: Azumiobodo hoyamushi sp. nov.
Remarks:
The presence of the globular bodies with electron-dense bands discriminates the new genus from the other polykinetoplastic neobodonids, i.e. Cruzella, Dimastigella and Rhynchobodo.
Etymology: The generic name is dedicated to Dr. K. Azumi, Hokkaido University, who organized the biological research team for countermeasures against soft tunic syndrome. Gender is masculine.
Azumiobodo hoyamushi sp. nov.
Type host: Halocynthia roretzi (Drasche) Type locality: Samenoura, Miyagi Prefecture, Japan
Site of tissue development: tunic Type material: Syntype specimens mounted for LM and those embedded in epoxy resin for EM were deposited in the National Museum of Nature and Science, Tokyo (NSMT), as NSMT NSMT-Pr 315. Etymology: 'hoyamushi' is the nickname of this flagellate in Japanese: 'hoya' means ascidians and 'mushi' means bugs.
The kinetoplastid was fusiform, with a mean ± SD length of 15.3 ± 2.06 µm (n = 20) and mean width of 4.7 ± 0.95 µm measured at the maximum width of the cell (n = 20) (Fig. 1A−D) . The cells frequently contained round granules and/or vesicles, and occasionally a large clear vacuole (Fig. 1B) . Two heterodynamic flagella emerged subapically (arrowheads in (Fig. 1D) .
The cell surface appeared smooth and was devoid of any extracellular covering such as lorica, scales or distinct glycocalyx coat. The plasma membrane was underlain by longitudinal pellicular microtubules arranged regularly ( Fig. 2A,B) . Both flagella emerged from the bottom of a subapical flagellar pocket ( Fig. 2A) . The cells exhibited a shallow ventral groove along which the posterior flagellum extended, and no adhesive structures were seen between the flagellum and cell body (Fig. 2B,C) . Both flagella originated at an acute angle to each other ( Fig. 2A) . The paraxial rod was situated next to the axoneme of each flagellum (Fig. 2D) . In some sections, a central filament was observed in the transition zone of the flagellar base ( Fig. 2A) . The cytostome was located at the apex of the small rostrum, which was an apical projection of the cell anterior to the flagellar pocket, and the rostrum partly covered the basal part of the anterior flagellum. The cytostome continued into the cytopharynx (Fig. 2E) . Posterior to the cytostome, phagosome-like vacuoles sometimes contained fuzzy homogeneous materials and membranous materials (Fig. 2F) . No intracellular bacteria were observed in the cytoplasm.
Multiple kinetoplasts were well developed in the cells, whereas fine structures of mitochondria were not well preserved (Fig. 3A,B) . Small globular organelles, ~0.2 µm in diameter, bound by a single membrane, were present in the cytoplasm (Fig. 3) . These organelles were filled with homologous electron-dense material and corresponded to the glycosome. Clear vesicles ~0.5 µm diameter were often found in the cytoplasm, whereas lipoidal globules were rarely observed. In addition, the flagellate possessed unique globular bodies (Fig. 3C) . The globular body was a cytoplasmic inclusion without an outer delimiting membrane and was composed of a homologous granular matrix containing electron-dense bands. Several electron-dense bands were arranged nearly parallel and concentric to each other in a moderately electron-dense globule (Fig. 3C) .
In hospite, the kinetoplastids are fusiform, retain the flagella and have mitochondria with multiple kinetoplasts and globular bodies with the electrondense bands (Figs. 2 & 3 in Kumagai et al. 2011 ).
They often form a loose aggregate in the disintegrating tunic matrix.
Molecular phylogeny
PCR amplification yielded 2101 bp products except for the primer regions. The sequence was deposited in the DDBJ (accession number AB636162). A phylogenetic tree based on the gene nucleotide sequences revealed the following 5 major clades: the first clade contained isolates from the order Parabodonida, the second clade contained isolates from the order Eubodonida, the third from the order Trypanosomatida, the fourth clade from the order Neobodonida, and the final clade contained isolates from the order Prokinetoplastida, which were used as an outgroup (Fig. 4) . The isolate, Azumiobodo hoya- mushi sp. nov., used in the present study appeared in the order Neobodonida, and the sequence of the isolate showed higher sequence similarities (> 90%) with an uncultured bodonid clone AT5-48 (91%) and with Cruzella marina (90%). However, according to the phylogenetic analysis, these 3 sequences did not fall into 1 clade, and A. hoyamushi sp. nov. formed an independent clade (1000 bootstrap replicates) (Fig. 4) .
DISCUSSION
On the basis of cytomorphology and molecular phylogeny, we propose a new genus Azumiobodo in the order Neobodonida for the type species, Azumiobodo hoyamushi sp. nov., a protistan pathogen that causes soft tunic syndrome in the edible ascidian Halocynthia roretzi (Kumagai et al. 2011) . The new species is the only pathogenic kinetoplastean isolated from ascidians to date. It was isolated from the tunic of the diseased ascidian, and a stable pure culture was established in vitro. However, the life history of this new species is not yet fully described. To develop countermeasures against the spread of soft tunic syndrome, it is necessary to find the natural habitat of the pathogen outside the host.
Several molecular phylogenies have indicated that the suborder Bodonia in the order Kinetoplastida is a paraphyletic assemblage, and on this basis a major revision of kinetoplastid systematics has been recommended (e.g. Maslov et al. 2001 , Simpson et al. 2002 . Based on 18S rRNA gene phylogeny, Moreira et al. (2004) divided the class Kinetoplastea into 2 subclasses (i.e. Prokinetoplastida and Metakinetoplastida), and our 18S rRNA gene phylogeny has indicated that Azumiobodo gen. nov. is a member of the latter subclass. Azumiobodo gen. nov. is polykinetoplastic and has a conspicuous rostrum, and these character traits agree with those of Neobodonida, which is one of the 4 orders in Metakinetoplastida. This is consistent with our phylogenetic tree of the kinetoplastean 18S RNA gene sequence. The presence of unique globular bodies with electron-dense bands discriminates Azumiobodo gen. nov. from the other polykinetoplastic genera (i.e. Cruzella, Dima stigella and Rhynchobodo) in Neobodonida. In Azumiobodo gen. nov., the flagellar bases are positioned at an acute angle to one another and an anterior flagellum attains a similar length to the cell body; these features also distinguish Azumiobodo gen. nov. from both Dimastigella and Rhynchobodo (see Vickerman 2000) .
Although the original description of the genus Cruzella was too simple to distinguish it from other kinetoplasteans (De Faria et al. 1922) , the monotypic species C. marina is the closest relative of Azumiobodo gen. nov., except for an uncultured bodonid clone AT5-48 detected in hydrothermal sediment (López-García et al. 2003) , as shown in Fig. 4 . Considerable similarities and differences in ultrastructure exist between the new species and C. marina (see Frolov & Malysheva 2002) . Both species have a central filament in the transition zone of each flagellar base, which possibly supports their close relationship. In contrast, pellicular microtubules line the whole cell body in the new species, but in C. marina these microtubules are found only at the anterior end. Our phylogenetic tree, inferred from 18S RNA gene sequences, is essentially consistent with other kinetoplastean trees (Moreira et al. 2004 , Stoeck et al. 2005 , although Neobodonida is a paraphyletic clade in our tree (Fig. 4) . As discussed in Moreira et al. (2004) , Neobodonida is the most puzzling clade in the subclass Metakinetoplastina. Neobodonida potentially includes an early branched clade and/or a highly specialized clade in Metakinetoplastina.
Cruzella marina often occupies a basal position in some kinetoplastean or metakinetoplastean trees (Maslov et al. 2001 , Frolov & Malysheva 2002 , Simpson et al. 2002 . Furthermore, Simpson et al. (2002) have suggested that another polykinetoplastic species potentially takes a basal position in the tree. Therefore, Azumiobodo hoyamushi sp. nov. may arise early in the metakinetoplastean lineage, since this polykinetoplastic species is a close relative of C. marina. In addition, the possibility exists that we have only dealt with the 'tip of the iceberg' and have only just begun to understand the real diversity of kinetoplasteans.
Obligate parasitism or commensalism is supposed to have independently evolved several times within kinetoplastids (e.g. Maslov et al. 2001 , Simpson et al. 2006 ). In the order Neobodonida, most species are free living, and some are possibly endocommensal (Moreira et al. 2004 ). In our phylogenetic tree (Fig. 4) , neobodonids closely affiliated with Azumiobodo hoyamushi sp. nov. are Cruzella marina, Neobodo designis and N. saliens, and these are also free-living species. In contrast, the present new species is the pathogen causing soft tunic syndrome, and thus transition from a free-living to parasitic life style probably occurred in an ancestor of this species.
We described the new species by using the stable cultured strain after subculturing > 40 times. The morphology of these cultured cells was basically the same as that of the cells in hospite, and the cells appeared in seawater in which the diseased tunic pieces were incubated. These kinetoplastids, whether they were obtained from the host tissue or from culture, always contained the unique globular bodies with electron-dense bands.
However, some differences existed between the cells that were obtained in hospite and the cultured cells. Although the cell length in culture was ~15 µm, lengths of uncultured cells ranged from 10 to 13 µm (Kumagai et al. 2011) . Besides the cell size, the nutritious culture conditions with MEM-FBS probably altered some subcellular morphology: the uncultured cells had no phagosomes or food vacuoles, their kinetoplasts were smaller than those of cultured cells and the mitochondria retained well-preserved ultrastructure with discoidal cristae (Kumagai et al. 2011) . These cytomorphological differences were assumed to have been caused by the nutrient conditions and atmospheric oxygen concentration. Also, both cultured and uncultured cells were shown to cause soft tunic syndrome (Kumagai et al. 2011) . What the present species feeds on in the ascidian tunic is still uncertain, but this could be a crucial key in solving the mechanism that softens the tunic. From this symptom of the disease, it is suspected that Azumiobodo hoyamushi sp. nov. secretes cellulase and/or proteinase, which collapses the protein or proteins, that crosslink cellulose fibrils of the host tunic. If this is true then future research could focus on these extracellular enzymes as the mechanism that causes soft tunic syndrome. 
